Abstract. The change of optical parameters of rat skin ex vivo under the action of aqueous 30%, 50%, 60%, 70%, 85%, and 100% glycerol solutions has been experimentally studied. The analysis of kinetics of the change of the studied parameters has allowed the estimate of the diffusion coefficient dependence upon the concentration of glycerol in the skin and the efficiency of optical clearing for each of the glycerol solutions. The results can find application in the development of new methods of noninvasive diagnostics and therapy of skin diseases.
Introduction
Optical methods of diagnostics and treatment of different diseases are now widely used in medicine due to their relatively low cost and harmlessness for the patient's health. One of the important problems faced by the modern laser medicine is the transport of radiation to deeper tissue layers. Significant light scattering in tissues, particularly in skin, in the visible and nearinfrared spectral ranges seriously restricts the spatial resolution and probing depth of the used methods [1] . One of the possible ways to solve this problem is to reduce the light scattering by partial replacement of the interstitial fluid with various immersion agents, i.e., to make use of the so-called optical clearing technique [1] [2] [3] [4] .
The method of tissue optical clearing consists in matching the refractive indices of its components by partial replacement of the interstitial fluid with a biocompatible optical clearing agent (OCA) [1] [2] [3] [4] . At present, three mechanisms are proposed to explain the reduction of light scattering under the effect of OCA, namely, the osmotic dehydration of the tissue, the replacement of interstitial fluid with the agent matching the refractive indices of the tissue components, and the structure modification or dissociation of the tissue collagen [1] [2] [3] [4] . In real situations the first two mechanisms usually manifest themselves together. The difference, caused by the type of OCA and the tissue, will consist only in the relative contribution of each mechanism into the clearing effect. The influence of the third mechanism on the degree of clearing becomes noticeable only in the case of long-term action of hyperosmotic immersion liquids on the tissue [4] .
The aqueous solutions of glycerol are immersion liquids widely used as OCAs due to their efficiency, availability, and biocompatibility [1] [2] [3] [4] [5] [6] [7] [8] . Unfortunately, in spite of the wide use of glycerol for controlling the tissue optical parameters, there is no unambiguous answer to the question about the optimal concentration of the glycerol solution. Although the literature data [9, 10] allow the conclusion on the most efficient concentration of the glycerol solution from the point of view of the optical clearing degree, the concentration dependence of the glycerol diffusion coefficient in tissues remains to be an open issue.
The knowledge of the diffusion coefficients and the mechanisms of interaction of the studied OCAs with tissues are necessary for the development and optimization of the tissue optical clearing methods. Therefore, the aim of the present paper is to study the concentration dependence of the diffusion coefficient of glycerol in skin and the dependence of the skin optical clearing efficiency upon the glycerol concentration in the immersion clearing solution.
Materials and methods
As an object of study we used 60 samples of skin of white laboratory rats ex vivo (10 samples for each of the six clearing solutions). The hair was removed using the depilatory cream «Veet» (Reckitt Benckiser, France). The size of the samples was nearly 10×15 mm 2 . The thickness of the samples was measured before the beginning of the experiment at five points by means of a micrometer with the accuracy ±5 µm, the results were averaged.
As OCAs we used the aqueous 30%, 50%, 60%, 70%, 85%, and 100% solutions of glycerol, prepared by dissolving (in volume fractions) the dehydrated glycerol (REACHEM, Russia) with distilled water. The refractive indices of the agents, measured by means of the Abbe refractometer IRF-454-B2M (LOMO, Russia) at the wavelength 589 nm, are presented in Table 1 . The measurement error is 0.0001.
The method of assessing the diffusion coefficients of immersion liquids in tissues, based on measuring the time dependence of collimated transmission in tissue samples, merged in the solution of clearing liquid, is thoroughly described in Refs. [12, 13] . In the study of the interaction between the glycerol solutions and the skin samples it was assumed that only the refractive index of the interstitial fluid is changed due to the diffusion of the immersion liquid into the sample and the osmotic dehydration of the tissue. In the course of diffusion of the substance with the refractive index greater than that of the interstitial fluid into the tissue and the efflux of water from the tissue, the matching of the refractive indices of scatterers and interstitial fluid occurs, which leads to the reduction of the scattering coefficient of the tissue. Studying the kinetics of this process allows the estimation of the diffusion coefficient as a measure of the mean exchange flow rate of the hyperosmotic liquid into the tissue and of water from the tissue.
The maximal efficiency of the skin optical clearing (efficiency factor) was calculated using the formula
where µ t is the attenuation coefficient calculated from the measured time dependence of the collimated transmission using the Bouguer-Lambert law; µ t min is the minimal value of the attenuation coefficient. The values of diffusion coefficient and the efficiency of optical clearing were calculated using the specially elaborated computer program for each wavelength and then averaged. The values of the diffusion coefficient were averaged over 10 samples for each of the studied concentrations of glycerol. The averaging of the optical clearing efficiency factor was also carried out over 10 samples for each of the studied concentrations of glycerol, but the values were grouped in three spectral regions, 500-600 nm, 600-700 nm, and 700-900 nm.
To measure the collimated transmission, we used the setup, consisting of the radiation source, namely, the halogen lamp HL-2000 (Ocean Optics, USA) (1), the optical fibres P400-1-VIS-NIR (Ocean Optics, USA), transporting the radiation to the tissue sample (2) and collecting the radiation passed through the sample (4), the cuvette with the sample (3), the spectrometer USB4000-Vis-NIR (Ocean Optics, USA) (5), and the computer (6) (Fig. 1) .
For measuring the collimated transmission, the tissue samples were fixed in the plastic holder having the dimensions 38×17 mm 2 with the 8×8 mm 2 window and were put into the glass cuvette with 5 ml of glycerol solution, placed between two optical fibres with the inner diameter 400 µm. To provide the beam collimation, the collimators 74-ACR (Ocean Optics, USA) were fixed at the faces of the fibres by means of the standard connectors SMA-905.
The kinetics of the collimated transmission variation was recorded by sequential recording of the transmission spectra in the range 500-900 nm every 3-5 minutes during 1-2 hours. All measurements were performed at room temperature (~20°C). One can clearly see that the diffusion coefficient at first decreases till the concentration reaches 70% and then grows. This observation correlates well with the concentration dependence of the diffusion coefficient for glycerol in water [14] and is explained by both the increase of viscosity of the diffusing solution and the specific features of the formation of hydrodynamic radius of the diffusing molecules. As shown in Ref. [14] , the hydrodynamic radius of glycerol molecules for the concentrations from 0 to 70% weakly depends on the glycerol concentration and decreases for higher concentrations, which is confirmed by the data of Ref. [15] .
Results and discussion
Thus, in the optical clearing of skin with the aqueous solutions of glycerol with the concentration 30-70% the reduction of the glycerol diffusion rate is due to the growth of the viscosity of the diffusing solution. For high-concentration glycerol solutions (85-100%) there are two competing processes, the sharp increase of the diffusing solution viscosity and the decrease of the hydrodynamic radius of the glycerol molecules. As seen from Fig. 2(а) , the contribution of the second process appears to be dominant, and we observe the growth of the diffusion coefficient. Besides, as mentioned above, the coefficient of diffusion measured in the present work is a measure of the mean rate of the total exchange flow of the hyperosmotic liquid (glycerol solution) into the tissue and the water from the tissue. Correspondingly, for more correct determination of the diffusion coefficient of glycerol in the tissue one has to separate these processes from each other, which will be the aim of our further studies. Table 2 presents the calculated diffusion coefficients for each of the glycerol solutions, as well as the efficiency coefficients of the skin optical clearing, grouped over three spectral ranges. Large values of the standard deviation for the determined values of the diffusion coefficients are due to the natural spread of the optical, structural, and morphological parameters of the skin samples. Figure 2 (b) shows the dependence of the skin optical clearing efficiency upon the concentration of glycerol solutions. From Fig. 2(b) it follows that the larger value of the OCA diffusion coefficient does not ensure the higher efficiency of the tissue optical clearing. Among the studied OCAs, in spite of the high rate of penetration into the tissue, the lowest efficiency of the optical clearing is observed in the 30% glycerol solution. This is because although the 30% glycerol solution is a liquid with the minimal viscosity, it also possesses the minimal refractive index.
The growth of the efficiency coefficient of the skin optical clearing in the case of using the glycerol solutions with concentrations of 30-60% as OCAs is explained by the increased matching of the OCA refractive index (1.378 for 30% solution and 1.415 for 60% solution) to that of the collagen fibres (1.411-1.416 [1] ), which are the main scatterers in the skin. Then the efficiency of optical clearing decreases because the refractive index of OCA becomes greater than that of the collagen fibres. These results correlate well with the data, presented in Refs. [9, 10, [16] [17] [18] [19] [20] , where the optical transmission of skin increased with the growth of the concentration of glycerol solution in the ranges 30-80% [16] , 40-80% [17] , 50-80% [18] , 20-55% [19] , 40-80% [20] .
Similar results are demonstrated also in Refs. [9, 10] , where the glycerol solution concentrations from 50 to 90% were used, and it was shown that the maximal efficiency of clearing is observed for the 70% solution, while for smaller or greater concentrations the clearing efficiency significantly decreases.
For the concentrations of the glycerol solution from 85% to 100% the efficiency of optical clearing increases again. Probably, this fact is due to the dominant role of 010303-5 the dehydration mechanism of the optical clearing: the dehydration of the skin leads to the reduction of its thickness and, therefore increases the collimated transmission. Probably, the refractive index of collagen fibres is increased due to the destruction of their hydrate shells, leading to better matching of refractive indices of skin scatterers and their environment, the role of which in this case is played by the nigh-concentration glycerol solution. However, this hypothesis requires further studies.
Conclusion
The obtained results allow one to estimate the efficiency of using aqueous glycerol solutions with different concentrations as clearing agents controlling the scattering properties of skin. The most efficient optical clearing within the spectral range 500-900 nm was demonstrated with the 60% and 100% solutions of glycerol. Sufficiently high diffusion rate in combination with high efficiency of optical clearing was demonstrated by the 85% solution of glycerol.
